The psychophysical relations between loudspeakers' frequency response and their perceptual properties were investigated. The frequency response of 18 high-fidelity loudspeakers was measured in three different conditions: in free field, in reverberation room, and in the listening room itself. The perceptual data consisted of experienced listeners' ratings of the same loudspeakers in seven males: clarity, fullness, spaciousness, brightness, softness, absence of extraneous sounds, and fidelity (Gabrielsson and Lindstr6m, 1985) . Hypotheses concerning the psychophysical relations were stated on the basis of results from earlier listening tests. The relations obtained with measurements in the listening room showed better agreement with the hypotheses than those obtained by measurements in free field or in reverberation room.
The validity of the three measurement methods may be compared using other results on the relations between the frequency response and perceptual dimensions (Gabrielsson and Sjbgren, 1979a; Gabrielsson etal., 1988 Gabrielsson etal., , 1990 )as working hypotheses. These results were obtained in many listening tests on various reproduction systems (loudspeakers, headphones, earphones, hearing aids), using experimental manipulation of the frequency response or measuring the frequency response of the used systems in reverberation room or in various couplers. The results generally showed a good agreement. The differences in frequency response among the investigated systems were usually (and deliberately) large, much larger than in the present set of highfidelity loudspeakers, in order to get clear indications of the relations to the perceptual dimensions. The obtained relations are stated under the hypotheses below and are used as criteria for comparing the three measurement methods in the present investigation. This comparison is supplemented by an analysis of the psychephysical relations when the frequency response of the loudspeakers in the listening room is combined with the long-time average spectrum of the used music programs. (Oppenheim and Schafer, 1975 I  III II II 1   I  •411  IL--•  II   I D  III II  t I IIIIli-•3   IIIIII L I J IIII111 I I I  J  IIIIII  I I IIIIIII  I  IIIIII  I { IIIIIII  I 111111l I   IIIIII •  I I!111111  I1q44+ x I I Itlltll •   rlllllMI IIIIIIII I IIIIIIII \1   IIIIII  I I !111111 I I IIIIIII /   IIIIII I I IIIilll I II IIIII \1   IIIIIIN I IIIit111  I Softness (gentleness) versus sharpness.' Softness is favored by a certain emphasis on lower frequencies, while sharpness is associated with more or less steeply rising responses toward higher frequencies or marked resonance peaks at higher frequencies.
Absence of extraneous sounds (hissing and the like) is usually related to a decreased response at very high frequencies (roughly above 5 to 6 kHz). A good reproduction is usually characterized by high values for clarity, spaciousness, fullness, and absence of ex-traneous sounds and by a proper balance between brightness and dullness as well as between softness and sharpness. Further discussion about the meaning of the perceptual dimensions and about the psychephysical relations may be found in our articles referred to earlier and also in Gabriels-
son (1979) and Gabrielsson and Sj/Sgren (1979b).
Beside the above perceptual scales, the listeners also made an overall evaluation of the reproduction in terms of fidelity. This judgment may be considered as a weighted combination of the judgments in the different perceptual scales (similar to a multiple regression equation in statistics). The relation between the frequency response and fidelity can accordingly be expected to reflect the above-mentioned relations in proportion to how important the respective perceptual dimension is for achieving good fidelity. This is indicated by the correlations between the perceptual scales and fidelity, which, in the present case, were highest for clarity and spaciousness, followed by fullness, brightness, softness, and absence of extraneous sounds in that order (Gabrielsson and Lindstr/3m, 1985, Table 4 ). The general hypothesis is thus that fidelity is favored by a frequency response similar to that indicated for clarity and spaciousness with relatively minor modifications to reflect the influence of the other perceptual dimensions.
The above hypotheses are admittedly not very precise in certain respects, but their general meaning should be clear. They refer solely to the effects of the frequency response, all other factors assumed constant. In practice, the frequency response often interacts with other variables in the reproduction system, such as the sound level and various types of distortion, as well as with the physical properties of the program itself. This has to be considered in the interpretation of the results (cf. Sec. IV).
III. RESULTS

A. General comparison of the frequency responses
The two free-field (FF) response curves, on-axis and 30 deg off-axis, are, on the whole, very similar. Differences appear at the very highest frequencies, where the response curve for the off-axis measurement drops more rapidly. For some speakers the position or size of dips differ among the two curves, probably due to interference phenomena or radiation characteristics. In the comparisons to be made (see subsection B below) only the on-axis response is considered. The FF curves are much more rugged than those from the listening room (LR) and the reverberation room (RR). This is a consequence of the fact that the FF response is unsmoothed, while smoothing was applied both for the LR (octave smoothing) and RR (bandpass filter 30 Hz) responses. The LR response before smoothing is, of course, very rugged due to room resonances; an example is given in On the whole, the three types of responses are fairly or very dissimilar among themselves for the same loudspeaker. This also means that they will differ with regard to how well they agree with the hypotheses concerning the relations to the perceptual dimensions. To study this question in an efficient way, we picked out, for each scale and each listening session, the two loudspeakers that were rated highest and lowest, respectively, on average over music programs 1-4; see Table I . For instance, in clarity, the best loudspeaker in the first session was A; the worst was E. (If there was no statistically significant difference among the speakers, this is indicated by dots; this occurred only in four cases as seen in Table I In the RR measurements, loudspeaker A has again a flat response; however, the emphasis is on lower frequencies, below 250 Hz. The responses of E, F, M and Q are not quite as flat and have more pronounced emphasis on lower frequencies than in A, except for Q, which has a maximum at about 400-1000 Hz. Some facts agree with the hypothesis; others do not.
Fullness
The LR responses of the highest rated loudspeakers (D, L, and R) have more emphasis on lower frequencies, to varying extent, than their respective opposites (B, A, and P), which is in accordance with the hypothesis concerning fullness. For the FF responses the same may, with some hesitation, be said for L compared to A and for R compared to P, but hardly for D compared to B considering the maximum at about 1000-4000 Hz for D. Regarding the RR responses, loudspeaker R has clearly more emphasis on lower frequen- 
8rightness
Loudspeaker A was throughout rated highest in brightness, while loudspeakers E, F, M, and Q were rated lowest.
(This opposition is in fact the same as for clarity. ) The LR responses of all the lowest rated loudspeakers have their center of gravity toward lower frequencies than in loudspeaker A, which is in full accordance with the hypothesis concerning brightness. Regarding the FF responses, loudspeakers E and M may possibly be said to have their emphasis toward lower frequencies than in A, but F and Q have their emphasis toward higher frequencies than in A, thus contradicting the hypothesis. Concerning the RR responses, alreadythe maximum around 200 Hz for loudspeaker A goes aginst the hypothesis. Disregarding this, the comparisons between A and E, A and F, and A and M are in favor of the hypothesis, while loudspeaker Q could rather be expected to sound brighter than A.
Softness
In softness (gentleness), the loudspeakers rated highest were E, I, and R in opposition to C, H, and A, respectively. The LR responses for E, I, and R have relatively more emphasis on lower frequencies, especially at about 100-300 Hz but not below 100 Hz, than in the responses for C, H, and A. They also decrease more rapidly toward higher frequencies. The results are mainly in agreement with the hypothesis concerning softness. Considering the FF responses, the results do not agree with the hypothesis: The responses of E and C are fairly similar, both I and H should both have rather sharp sound considering the maxima and peaks at high frequencies (especially for I), and R would also sound sharper than A due to several peaks at higher frequencies. For the RR responses, the results are in line with the hypothesis: loudspeakers E, I, and R have somewhat more emphasis at lower frequencies and/or decrease slightly more toward higher frequencies than in loudspeakers C, H, and A, respectively.
Absence of extraneous sounds
Only two comparisons were statistically significant, G-H and Q-A. According to the hypothesis the highest rated loudspeakers, that is, G and Q, should show a relatively decreased response at the highest frequencies (5 kHz and above) in comparison with the lowest rated speakers, H and A. This is obvious for G compared to H in all three measurements, less obvious for Q compared to A.
Fidelity
Loudspeaker A was rated highest in three sessions in opposition to B, F, and O, and loudspeaker L in opposition to M in the remaining session. The hypothesis concerning fidelity is fairly loose (cf. the hypotheses), but it should es-:sentially be the same as for clarity and spaciousness, which showed the highest correlations with fidelity. In the LR responses, the lowest rated speakers B, F, and O all have their emphasis toward lower frequencies than for A, which is in 
C. Analyses of program X loudspeaker combinations
The stimulus reaching the listener's cars is, in fact, a combination of the physical characteristics of the recorded music program and the transfer function (frequency response) in the listening room. In view of the complex spectrum of any music program and the likewise complex transfer function, it is not surprising that there were many significant interactions between programs and loudspeakers in the listening test. The ratings of the loudspeakers thus varied depending on which program was reproduced. For instance, loudspeaker A was very often rated highest for the organ and the "pop" programs, but not so often for the female singer and never for the piano program (for which it was sometimes even rated lowest). The details of the interactions can be studied in the original listening test (Gabridsson and Lindstr6m, 1985) and in the prepublication reports (Gabrielsson et al., 1986 (Gabrielsson et al., , 1987 .
To study these problems further, we combined the (uns- Obviously, this measure of the stimulus spectrum is a simplification in many respects, mainly dictated by the necessity to reduce the amount of calculations. To use a monophonic spectrum means that the stereo information in the signal is disregarded, which may reduce the possibilities of interpreting the psychophysical relations, especially regarding spaciousness. The limitation to the transfer function from the left loudspeaker to the middle listening position was discussed earlier (cf. Sec. I). Smoothing is of course advantageous with regard to general simplification. It is also reasonable to assume that the listener makes a similar smoothing of the complex stimulus in perceiving and judging the sound quality. Rather than tracing all the ups and downs in the stimulus spectrum, the listener probably makes an integration (smoothing) into a limited number of frequency regions, e.g., bass, midrange, and treble, or perhaps with a further subdivision within each of these, e.g., lower and higher bass, lower and higher midrange, and lower and higher treble. Each of these categories encompasses at least an octave. The reduction to a small number of categories may be seen as an example of the well-known principle that our capacity for processing information is limited to 7 _ 2 categories (Miller, 1956 ).
To make use of this new measure, we picked out the two loudspeakers that were rated highest and lowest in each scale, for each program and session; and plotted the two corresponding spectra in the same graph to be easily comparable. There were in all more than 100 such cases (four programs X four sessions X seven scales, minus some cases in which there was no statistically significant difference between the speakers). About half of them are given in Ga Regarding clarity, it is evident, as expected, that combinations of any program with the lowest rated loudspeaker for the same program emphasize the lower frequeny regions much more than the corresponding combination with the highest rated speaker--the difference is sometimes about 10 dB. This imbalance may be further reinforced by reduced energy at higher frequencies in the worse combinations.
With regard to fullness, the hypothesis is conversely that combinations with the highest rated speaker will have more energy at lower frequencies. This also occurs in most cases, but in some cases the energy is higher over the entire frequency range (in that case, one can suspect that the difference in fullness is rather due to a certain difference in sound level). There is further an exception from the expectation at the "pop" program. For spaciousness, the expectations are about the same as for clarity. It also seems from the examples in Fig. 7 that too much emphasis on lower frequencies is unfavorable. However, in the example with the piano program, the worse alternative shows higher energy also at higher frequencies.
In brightness it is evident, as expected, that combinations with the lowest rated (that is, dull-sounding) speaker have much more energy at lower frequencies, sometimes also less energy at higher frequencies, than combinations including the brighter sounding speakers.
For softness (gentleness), however, the expectation is that combinations with the softer speaker should have more energy at lower frequencies, and conversely that combinations with a sharper sounding speaker should have more energy in the treble region. This is confirmed in the examples.
Regarding absence of extraneous sounds, the expected reduction of energy at very high frequencies for combinations with the highest rated loudspeaker always occurred (not included in Fig. 7) .
Finally, the examples regarding fidelity confirm the expectation that combinations with the worse speaker as a rule have more, sometimes much more, energy in the lower frequency regions, sometimes also reduced energy at higher frequencies, in comparison with combinations including the better speaker. All perceptual dimensions seemed to be influenced by the frequency response, even spaciousness although the stereo information in the signal was discarded. Looking at the LR responses (Fig. 4) and at the different program X loudspeaker combination curves (Fig. 7) reveals that the differences among loudspeakers or combinations mainly occur at lower frequencies, say, below 1000 Hz. Usually, the worse alternatives have a more or less pronounced boost somewhere in this region. Besides making them sound duller, this also means more upward spread of masking, which has a negative effect for clarity and thereby also for fidelity. Part of the differences is certainly due to the room acoustics; cf. the examples and discussion in Toole ( 1986b, p. 338 ).
This investigation is part of our investigations on the psychophysical relations between the frequency response of sound-reproducing systems and various perceptual dimensions. It may hopefully contribute to the continued work on designing an adequate measurement method for the frequency response. This question is more directly addressed by Toole (1986b) , who provides a thorough discussion and argues for free-field measurement of the frequency response at a large number of different orientations. He also proposes a way of synthesizing the listening room response from freefield data. On the other hand, his perceptual data were limited to ratings of fidelity, that is, overall evaluations. The use of scales for separate perceptual dimensions, as here, is not discussed, and, consequently, the question of psychophysical relations becomes less important in Toole's approach.
Both the physical and the perceptual measures we have used can be considered as average values across the duration of the respective reproduction. The LTAS is, by definition, an average, and each listener provided only one rating in clarity, fullness, etc., referring to the whole 1-min reproduction in question. However, the physical properties of the music program and the reproduction are, of course, continuously changing, and so is the listener's impression of the sound in its various dimensions. It would therefore be preferable to use a continuous recording, both of the acoustical characteristics and of the listener's judgments, in order to get a more detailed understanding of the psychophysical relations. The changing acoustical characteristics may be studied by some type ofsonogram technique. With regard to continuous scaling of perceptual dimensions there are as yet few examples available (e.g., Kuwano and Namba, 1985) .
